Shell A g ric u ltu ral C hem ical C o m pany, Biological Sciences R e se arc h C e n te r, P .O . B ox 4248, M o d esto , C alifornia 95352, U S A Z . N a tu rfo rsch . 42c, 663-669 (1987); received S e p tem b e r 19, 1986 T ria zin e , P h e n y lu rea , H erb icid e B inding, P hotosystem II, E le ctro n T ra n sp o rt A lth o u g h significant differences in activity b e tw ee n optical isom ers have b e en recognized in m any types o f pesticides, the role o f stereoselectivity has not b e en fully c h ara cte riz ed for one o f th e m ost im p o rta n t classes o f com m ercial herb icid es, those th a t in h ib it p h o to sy n th etic electro n tra n s p o rt. T his re p o rt describes experim ents in w hich optically active a-m e th y lb e n zy la m in e o r .sec-butylam ine w as used as startin g m aterial for th e synthesis of optically active triazin e an d u re a he rbicides. T h e biological activities o f the com p o u n d s w ere d e te rm in e d in tw o in vitro chlo ro p last assays -co m p e titio n for specifically bound [l4C ]a tra zin e and in h ib itio n o f p h o to sy stem II-m edia te d dye re d u ctio n -as well as in w hole p lant phytotoxicity. In b o th in vitro assays th e ( -)-isom er o f the N -a-m eth y lb en zy l triazine w as ab o u t 15-fold m ore active th a n the ( + )-iso m er, an d the ra ce m a te fell in betw een and w as o f a bout the sam e p otency as a tra zin e . T h e sam e relative activities w ere also seen for in vivo phytotoxicity. T h e a -m eth y lb en zy l u re a deriv ativ es w ere m uch less h erbicidally active, but the in vitro assays w ere able to discrim inate b e tw ee n the o ptical isom ers. In b o th assays, the ( -)-isom er o f the u re a w as m uch m o re active th an th e ( + )-iso m er, w ith th e ra ce m a te in te rm ed iate . Steric factors play a critical role in th e d e g ree o f this chiral d isc rim in atio n , since in b oth th e c orresponding triazin es an d u re as, th e optically active m olecules synthesized from the en an tio m e rs o f 2-butylam ine show ed only slight d ifferences in activity.
Introduction
Chiral recognition plays an important role in the high activity and selectivity of modern pesticides. Great differences in activity between optical isomers have been recognized in many types of insecticides, including the pyrethroid, fenvalerate [1] . Stereo selectivity is less well documented for herbicides, although this property is extremely important for the activity of the wild oat herbicide, flamprop-isopropyl [2] . Among the most important classes of commer cial herbicides are those that act by inhibiting photo synthetic electron transport at the second electron carrier on the reducing side of photosystem II. These compounds include the chemical classes of ureas, amides, triazines, triazinones, pyridazinones, carba mates, and nitrophenols. Although structure-activity relationships for photosystem II (PS II) inhibitors have been reviewed on many occasions (e.g., ref. [3] ), prior to the inception of this work, there was * Present address: E . I. du P ont de N em ours & C om pany, A g ricu ltu ral P ro d u c ts D e p a rtm e n t, E x p erim en tal S ta tio n , Bldg. 402, W ilm ington, D elaw are 19898, U SA .
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V erlag d e r Z eitsc h rift für N atu rfo rsch u n g , D -7400 T übingen 0 3 4 1 -0 3 8 2 /8 7 /0 6 0 0 -0 6 6 3 $ 0 1 .3 0 /0 only one report [4] on the role (or lack thereof) of stereoselectivity in the inhibition of photosynthetic electron transport. This question had probably not been addressed in detail because most of the commercially-important PS II inhibitors, including atrazine, cyanazine, and diuron, do not contain an assymetric carbon atom. This report probes the role of stereoselectivity in inhibition of photosynthetic electron transport. Opti cally active triazine and urea herbicides were synthe sized from optically active starting materials, and their affinities for the site of action on chloroplast thylakoid membranes were measured directly in two in vitro assays: competition for specifically bound [14C]atrazine [5] and inhibition of photosystem IImediated dye reduction.
Materials and Methods
Chloroplast membranes were prepared from seven-to eight-day-old Alaska peas (Pisum sativum L., cv. Alaska) as previously described [6 ] . Atrazine binding experiments were carried out [7] using either 0.1 or 0.2 jj.M [14C]atrazine and higher concentrations of nonradioactive compound (or 1% MeOH) as noted. "Specific" binding is the binding of low con-centrations of radioactive ligand that is abolished by higher concentrations of nonradioactive ligand. The data are expressed in the figures as a percentage of maximum specific binding relative to a saturating concentration of atrazine. The photosystem Il-mediated reduction of dichlorophenolindophenol (DCPIP) was measured at 580 nm using a HewlettPackard Model 8450 A UV/VIS Spectrophotometer equipped with a spectrophotometer-controlled actinic source [7] .
The preparation of the optically active triazines and ureas was carried out using commercially avail able optically active amines. For the triazines, the appropriate dichloro N-alkylaminotriazine was treat ed with the requisite optically active amine in meth ylene chloride or tetrahydrofuran with an equivalent of diisopropylethylamine. The ureas were synthe sized by treating the appropriate aryl isocyanate with the requisite optically active amine in tetrahydro furan or methylene chloride in the presence of a cata lytic amount of diisopropylethylamine. The triazine and urea products were purified by crystallization, and the structures and purity were determined by NMR, mass spectrometry, and elemental analysis.
The optical rotations were obtained in either chloroform or absolute ethanol as 1 % (w/v) solutions at 589 nm on a Perkin-Elmer Model 241 MC Polari meter.
Results

a-M ethylbenzyl triazines
The binding activities of the optically active N'-ethyl triazines are compared with the racemate and with atrazine in Fig. 1 . The S( -)-isomer (compound 2 ) is much more active than the /?( + )-isomer (com pound 3), whereas the racemate (compound 1) falls between them and shows activity comparable to atra zine. A similar structure-activity relationship is seen for inhibition of photosynthetic electron transport in Fig. 2 . Again, the 5 (-)-isomer was more active than the /?( + ), and the racemate and atrazine fell in be tween. The activities of these compounds are quan titatively compared in the two assay systems in Table  I . The concentration of the ligand necessary to dis place 50% of the specific [14C]atrazine binding is compared with that necessary to inhibit the rate of photosynthetic electron transport by 50%. As ex pected from previous work [6 ] , the behavior of the compounds in the two in vitro systems is quite simi- lar, and the less active isomer requires an approxi mately 15-fold higher concentration to achieve the 50% effect than does the more active isomer.
A systematic attempt was made to modify the N'-alkyl substituent opposite to the chiral center and determine the consequential effects of this substitu tion on chiral discrimination (Table I) . Activities of these compounds were consistant with known struc T able I. C om parative p ro p e rties o f triazines synthesized from a -m eth y lb en zy lam in e.
G. G a rd n e r and J. R. Sanborn • C hirality in P hotosystem II H erb icid es 665 ture-activity relationships for triazine herbicides [8 ] , with cyclopropyl (compounds 7-9) being the most active. There seems to be a weak steric effect of this substituent on the degree of chiral discrimination. The greatest degree of difference in activity between the optical isomers, about 30-fold, was seen in the compound with the bulkiest substituent, N'-methylcyanoethyl (compounds 1 0 -1 2 ), analogous to cyanazine. The in vivo performance of these compounds is also summarized in Table I . All the triazines were quite active, and, as expected from previous studies on fluorophenyl ureas [6 ] , there was a good correla tion between the in vitro assays and postemergence herbicidal activity. The S(-)-isomer (compound 2) was significantly more active than the /?( + )-isomer, and the activity of the racemate fell between the two optical isomers. This relative relationship held in dependently of the N'-alkyl substituent.
a-Methylbenzyl phenylureas
Although the a-methylbenzyl derivatives of diuron are all less active than atrazine (and also diuron) in both in vitro systems, the two stereoisomers do show major differences in activity with the racemate falling in between. Competition for atrazine binding sites is shown in Fig. 3 , with compound 14 having an affinity approximately 24-fold stronger than compound 15 (Table II) . A similar result was seen for inhibition of photosynthetic electron transport (Fig. 4) , with an 8 -fold difference between the two optically active isomers. As might be expected, the more active urea C o n c e n tr a tio n [mM] Fig. 1. G was synthesized from the same isomer of a-methylbenzylamine as the more active triazine. These com pounds did not demonstrate sufficiently high herbicidal activity to allow meaningful in vivo comparisons.
Compounds synthesized from chiral 2-butylamine
In the above experiments demonstrating chiral recognition in photosystem II, we have chosen sub stituents -methyl and phenyl -where discrimina tion would be maximal. In order to determine the minimum structural differences necessary for stereo selectivity, triazine and urea derivatives were synthe sized from optically active 2-butylamine. For the N'-ethyl triazines, it is clear that the site shows little or no discrimination between methyl and ethyl sub stituents on the chiral center (compounds 26, 27). These compounds were essentially equivalent in their ability to compete for atrazine binding (Fig. 5 ) and in their postemergence phytotoxicity (Table III) . Only in the case of the bulky N'-methylcyanoethyl substituent (compounds 35, 36) was there significant 
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